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Summary
Until recently, Digitaria aequiglumis var. aequiglumis,
native to South America, and Digitaria ciliaris subsp.
nubica, native to Northeast Africa, were completely
overlooked in Belgium due to their close morphologi-
cal resemblance to Digitaria sanguinalis and Digitaria
ischaemum. One of the possible reasons for their
expansion in maize fields, besides for example the lack
of crop rotation, might be a lower sensitivity to post-
emergence herbicides acting against panicoid grasses.
Dose–response pot experiments were conducted in the
glasshouse to evaluate the effectiveness of four foliar-
applied HPPD-inhibiting herbicides (mesotrione,
sulcotrione, tembotrione, topramezone) and two foliar-
applied ALS-inhibiting herbicides (foramsulfuron,
nicosulfuron) for controlling Belgian populations of
D. aequiglumis and D. ciliaris subsp. Nubica, as well as
local D. sanguinalis and D. ischaemum populations. In
another dose–response pot experiment, the influence of
growth stage at time of herbicide application on effi-
cacy of topramezone and nicosulfuron for Digitaria
spp. control was evaluated. In general, D. aequiglumis
and D. ciliaris subsp. nubica populations were less sen-
sitive to HPPD inhibitors than D. ischaemum and
D. sanguinalis populations, except for D. aequiglumis
treated with topramezone. Contrary to other herbi-
cides tested, topramezone adequately controlled all
D. aequiglumis populations at doses well below maxi-
mum authorised field dose. All species tested showed a
progressive decrease in sensitivity to topramezone and
nicosulfuron with seedling age. A satisfactory post-
emergence control of Digitaria species in the field will
require appropriate choice of herbicide and dose, as
well as more timely application.
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Introduction
The boom of maize (Zea mays L.) cultivation in Flan-
ders (Belgium) that started ca. four decades ago
created optimal conditions for the establishment of
permanent populations of many panicoid weed grasses
(e.g. Panicum, Echinochloa, Setaria and Digitaria spp.)
in and around maize fields (Vanderhoeven et al.,
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2007). Although the toolbox for weed control in maize
contains an impressive variety of herbicides with differ-
ent molecular modes of action (Santel, 2009), newly
introduced and naturalising panicoid grasses continu-
ously complicate appropriate choice of herbicides and
their dosages. Most recent ‘acquisitions’ belong to the
genus of Digitaria, a genus with about 325 species
worldwide (Wipff, 2003), namely Digitaria aequiglumis
var. aequiglumis (Hack. et Arechav.) Parodi (Argen-
tinian crabgrass) and Digitaria ciliaris (Retz.) Koeler
subsp. nubica (Stapf) S.T. Blake (common name
unknown).
Digitaria sanguinalis (L.) Scop (large crabgrass),
native to the Mediterranean region or south-eastern
Asia, and Digitaria ischaemum (Schreb. ex Schweigg.)
Muhlenb. (smooth crabgrass), native to Eurasia, were
added to the maize weed flora in the early 1980s after
continuous monoapplication of atrazine (banned in the
EU since 2005). In Belgian maize fields, these subcos-
mopolitan species are often found growing together
with more recently naturalised species. Digitaria ciliaris
subsp. nubica was first introduced in 1998 and is now
locally naturalised in maize fields (Verloove & Groom,
2014). It is native to north-eastern Africa with an arid
climate (Nubia region) (Stapf & Hubbard, 1934). Digi-
taria aequiglumis var. aequiglumis (hereafter named
D. aequiglumis) has gradually spread since 2000 and is
now locally naturalised and abundant in and around
maize fields in Belgium, particularly in areas with
moist sandy soils (Van Landuyt et al., 2006; Verloove
& Groom, 2014). It is an alien species native to warm-
temperate parts of South America (Henrard, 1950).
Until recently, D. aequiglumis and D. ciliaris subsp.
nubica were completely overlooked and hardly known
in Belgium (Hoste & Verloove, 2001), mainly because
they are morphologically difficult to distinguish from
D. sanguinalis and D. ischaemum, particularly at early
growth stages. Seedling identification is basically based
on leaf pubescence and hair length. Leaf pubescence is
very dense and evenly distributed in D. aequiglumis,
dense and evenly distributed in D. ciliaris subsp. nubica
and in D. sanguinalis, but sparse and not evenly dis-
tributed in D. ischaemum. Hairs are very short (0.2–
0.3 mm) in Digitaria aequiglumis but medium long
(1.0–2.0 mm) in D. sanguinalis and D. ischaemum, and
long (1.5–2.5 mm) in D. ciliaris subsp. nubica. Correct
identification requires a careful study of the lemma
and the palea of the fertile flower with the aid of a
hand lens (Henrard, 1950).
One of the possible reasons for the recent expansion
of naturalised Digitaria species into maize fields,
besides, for example climate change and the lack of
crop rotation (Vanderhoeven et al., 2007), might be a
lower sensitivity to post-emergence maize herbicides
used to control panicoid grasses, in particular 4-hydro-
xyphenyl pyruvate dioxygenase (HPPD)-inhibiting her-
bicides and acetolactate synthase (ALS)-inhibiting
sulfonylureas. The HPPD-inhibiting herbicides sulcotri-
one, isoxaflutole, mesotrione, topramezone and tem-
botrione were added to the Belgian maize herbicide
portfolio in 1992, 1999, 2003, 2008 and 2009, respec-
tively, and were rapidly and widely adopted by maize
growers because of their broad-spectrum weed control
ability. The ALS inhibitors nicosulfuron and foramsul-
furon were added to the maize portfolio in 1995 and
2007 respectively.
Most Digitaria species are highly competitive and
prolific weeds. They need to be controlled soon after
emergence, regardless of their density, to prevent yield
loss (Holm et al., 1977). Digitaria sanguinalis, D. is-
chaemum and D. aequiglumis have a prostrate growth
habit. They can form dense carpets through the forma-
tion of huge numbers of creeping tillers and have a
high adventitious rooting ability (Holm et al., 1977).
Digitaria ciliaris subsp. nubica has an erect growth
habit.
In this study, two hypotheses were tested: (H1)
compared with D. sanguinalis and D. ischaemum, the
recently naturalised Digitaria spp. (D. aequiglumis and
D. ciliaris subsp. nubica) are less sensitive to maize
herbicides acting against panicoid grasses, in particular
HPPD- and ALS inhibitors, and (H2) compared with
D. sanguinalis and D. ischaemum, the sensitivity of D.
aequiglumis and D. ciliaris subsp. nubica to herbicidal
control is more dependent on growth stage.
Materials and methods
Experiments
Our hypotheses were tested using two dose–response
bioassay experiments. The first hypothesis was tested
by subjecting D. sanguinalis, D. ischaemum, D. aequig-
lumis and D. ciliaris subsp. nubica to post-emergence
(POST) herbicide applications. In experiment 1, the
effectiveness of four foliar-applied HPPD-inhibiting
herbicides [mesotrione (CALLISTO), sulcotrione
(ZEUS), tembotrione (LAUDIS) and topramezone
(ARIETTA)] and the ALS-inhibiting herbicides
[foramsulfuron (EQUIP) and nicosulfuron (SAM-
SON EXTRA 60 OD)] for controlling Digitaria spp.
populations was evaluated. As an interspecific differ-
ence in herbicidal response may depend on the genetic
constitution of the tested material, at least two local
populations were tested per species except for D. cil-
iaris subsp. nubica. The second hypothesis was tested
in experiment 2 by subjecting D. sanguinalis, D. is-
chaemum, D. aequiglumis and D. ciliaris subsp. nubica
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plants, differing in growth stage, to foliar-applied
topramezone, as a representative of the HPPD inhibi-
tors and nicosulfuron, as a representative of the ALS
inhibitors. Both herbicides are frequently and widely
applied in maize in Flanders. Tested Digitaria spp.
populations and applied herbicides are presented in
Table 1. Both experiments were run twice.
Experimental set-up
During the summer of 2015, dose–response experi-
ments were conducted in glasshouses using plastic pots
filled with steamed sandy loam soil containing 2.6%
organic matter, 46.7% silt (2–50 lm), 43.4% sand
(>50 lm) and 10.0% clay with a pH-KCl of 5.5. The
glasshouse was a rain-shelter plastic greenhouse, with
sides left open up to 1 m high for natural ventilation.
Daytime and night-time mean temperature and humid-
ity values, and mean light intensity during the experi-
mental periods, are given in Table 2. Pots were
irrigated by overhead sprinklers as needed.
The experimental design was always a randomised
block with three replicates. The experimental unit was
one pot of five seedlings. All herbicides were applied
with TeeJet XR11002 flat fan nozzles (TeeJet Tech-
nologies, Wheaton, MA, USA) at a spray pressure of
180 kPa and a spray volume of 300 L ha1. Each her-
bicide was tested in seven doses and compared with a
control, as enumerated in Table 3. In experiment 1,
foliar-applied herbicides were applied at the three-leaf
stage (BBCH 13) of Digitaria species, that is the weed
growth stage at which POST herbicides are most com-
monly applied in Flemish maize fields. In experiment
2, topramezone and nicosulfuron were applied at six
different weed growth stages: BBCH 10, first leaf
through coleoptile (only included for D. ischaemum);
BBCH 11, one true leaf; BBCH 12, two true leaves;
BBCH 13, three true leaves; BBCH 14, four true
leaves; and BBCH 15, five true leaves (not included for
D. ischaemum). These weed growth stages were
achieved by staggered sowing times.
Experiments were conducted with seeds of local pop-
ulations collected in 2014 from Flemish maize fields that
were located at least 15 km apart. Seeds were collected
randomly and prior to maize harvest on at least 50
plants scattered over the whole field. Lemma and palea
features of three fertile flowers of mature spikelets were
examined per plant to guarantee species purity. Subse-
quently, seeds were pooled per population. The popula-
tion seed pools were named after the nearby town where
they were collected (Table 1).
In both experiments, pots were seeded with 25 seeds
per pot at 2 mm depth. As soon as seedlings had two
fully developed true leaves (BBCH stage 12), they were
thinned to five uniform plants per pot.
Measurements
In both experiments, foliage fresh biomass was har-
vested per pot (clipped at the soil surface) 28 days
after treatment (DAT). Foliage dry biomass per pot
was determined after drying for 16 h at 75°C.
Trichome length and density of Digitaria species were
measured by analysing digital images of the adaxial leaf
surface using a digital magnifying camera and 409 mag-
nification (SZX7 stereomicroscope with CMOS camera
SC30; Olympus Soft Imaging solutions GmbH,
M€unster, Germany) and an imaging program (analysis
getIT; Olympus Soft Imaging solutions GmbH). Analy-
ses were performed on the third fully expanded leaf from
each of five plants randomly selected within control
plots of each species (experimental run 1 of experiment
1). Per leaf, measurements were performed in two
randomly chosen 20 9 5 mm rectangles.
Data analysis
Biomass data were analysed in R version 3.0.0. (R Core
Team, 2013). The normality and homoscedasticity were
checked with a Q–Q plot and a Levene test respec-
tively. No data transformation was required. Biomass
data obtained from dose–response bioassays were anal-
ysed with the drc package (Ritz & Streibig, 2005).
Dose–response curves were calculated according to
Streibig et al. (1993). As dose significantly interacted
with run, dose–response curves were fitted for each run
Table 1 Tested Digitaria spp. populations and herbicides applied in dose–response pot experiments. The populations are named after
the town of origin
Exp.
Test populations
Herbicides applied
post-emergenceD. aequiglumis
D. ciliaris
subsp. nubica D. ischaemum D. sanguinalis
1 Beervelde2, Bassevelde,
Evergem
Knesselare Oostrozebeke,
Beervelde1
Nieuwkerken-Waas,
Puurs, Wommelgem
Mesotrione, sulcotrione,
tembotrione, topramezone,
foramsulfuron, nicosulfuron
2 Beervelde2 Knesselare Oostrozebeke Nieuwkerken-Waas Topramezone, nicosulfuron
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separately. Within experiment 1, dose–response curves
for all Digitaria populations were fitted simultaneously
for each tested herbicide. Within experiment 2, dose–
response curves for all Digitaria populations were fit-
ted simultaneously for each growth stage. Effective
dosage ED90 (dose required for 90% biomass reduc-
tion) and selectivity indices (SI) as relative potencies
between two dose–response curves were derived from
the regression model utilising the delta method (Van
der Vaart, 1998). SI (90, 90), that is the ratio between
ED90 for one dose–response curve, and ED90 for
another dose–response curve were used to compare the
relative differences of ED90 doses among curves.
Results
Trichome length and density
The adaxial leaf surface of Digitaria species exhibited
huge differences in trichome density and length
(Table 4). Pubescence of the adaxial leaf surface was
dense and short in D. aequiglumis, sparse and long in
D. ciliaris subsp. nubica, sparse and short in D. is-
chaemum, and medium dense and medium long in
D. sanguinalis.
Herbicide sensitivity profile (Experiment 1)
Digitaria spp. populations exhibited huge differences in
sensitivity to topramezone (Table 5). ED90 doses of the
most sensitive and least sensitive Digitaria population
differed by a factor of 20 and 7 in run 1 and run 2
respectively. All Digitaria populations had ED90 doses
equal to or less than maximum field dose of toprame-
zone in Belgium (i.e. 50.4 g ha1 topramezone), irre-
spective of run, except for D. ciliaris subsp. nubica
population Knesselare in run 1. Among Digitaria pop-
ulations, D. ischaemum population Oostrozebeke was
the most sensitive, whereas D. sanguinalis populations
Nieuwkerken-Waas, Wommelgem and D. ciliaris
Table 2 Day and night mean temperatures, relative humidity and mean daytime light intensity during the dose–response pot experiments
Exp.
Experimental
run Experimental period
Day/night
mean
temperature (°C)
Day/night
mean relative
humidity (%)
Mean daytime light
intensity (lux)
Exp. 1 Run 1 Pre-application
19/06–10/07 26.5/14.4 56.4/85.3 12 920
Day of application
10/07 18.2 88.0 4991
Post-application
10/07–05/08 28.8/16.0 55.0/88.2 12 550
Run 2 Pre-application
11/08–28/08 27.2/14.8 56.1/89.3 10 190
Day of application
28/08 21.5 55.0 7792
Post-application
28/08–22/09 26.9/14.4 56.3/90.4 9080
Exp. 2 Run 1 Pre-application
12/06–07/07 (BBCH 15) – – –
17/06–07/07 (BBCH 14) – – –
23/06–07/07 (BBCH 13) 27.1/14.4 55.5/89.5 13 869
26/06–07/07 (BBCH 12) 27.0/14.4 55.4/89.1 13 445
30/06–07/07 (BBCH 11) 27.0/14.4 55.5/89.0 13 448
Day of application
07/07 20.8 47.0 13 602
Post-application
07/07–04/08 27.4/14.8 56.1/89.3 11 882
Run 2 Pre-application
16/07–08/08 (BBCH 15) 28.0/15.1 55.5/89.3 13 027
21/07–08/08 (BBCH 14) 28.2/15.3 55.2/89.3 12 551
26/07–08/08 (BBCH 13) 28.3/15.3 55.1/89.3 12 283
29/07–08/08 (BBCH 12) 28.3/15.4 54.9/89.2 12 422
01/08–08/08 (BBCH 11) 28.4/15.4 54.8/89.2 12 203
Day of application
08/08 18.4 94.0 6883
Post-application
08/08–01/09 27.9/15.1 55.3/89.5 9888
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subsp. nubica population Knesselare were the least sen-
sitive in both runs.
For sulcotrione, ED90 doses of the least and most
sensitive Digitaria spp. population differed by a factor
of 5 and 4 in run 1 and 2 respectively (Table 5). All
populations were controlled by doses below the maxi-
mum field dose of sulcotrione (i.e. 450 g a.i. ha1)
except for D. aequiglumis population Bassevelde and
D. ciliaris subsp. nubica population Knesselare, in run
1. Populations most sensitive to sulcotrione in both
runs were D. ischaemum population Oostrozebeke and
D. sanguinalis population Nieuwkerken-Waas. Popula-
tions least sensitive, irrespective of run, were D. ciliaris
subsp. nubica population Knesselare and all D. aequig-
lumis populations.
For tembotrione, differences in ED90 doses up to
factor of 6 and 5 were obtained in run 1 and 2 respec-
tively (Table 5). Digitaria aequiglumis was the least
sensitive species, irrespective of run. In run 1, all
D. aequiglumis populations had ED90 doses higher
than maximum field dose of tembotrione (i.e. 99 g a.i.
ha1). The most sensitive species was D. sanguinalis. In
run 1, D. aequiglumis and D. ciliaris subsp. nubica
populations were significantly less sensitive than
D. sanguinalis and D. ischaemum populations.
In contrast to the aforementioned HPPD-inhibiting
herbicides, mesotrione exhibited relatively small differ-
ences in ED90 doses (up to a factor of 3 and 2 in run 1
and 2 respectively) (Table 5). All populations were
controlled by doses below maximum field dose of
mesotrione (i.e. 150 g a.i. ha1), irrespective of run. In
run 1, all D. aequiglumis and D. ciliaris subsp. nubica
populations were significantly less sensitive than D. is-
chaemum and D. sanguinalis populations. In run 2, dif-
ferences were less pronounced.
Similar to HPPD-inhibiting herbicides, ED90 doses
for ALS-inhibiting herbicides varied substantially
among Digitaria species (Table 6). For nicosulfuron,
differences in ED90 doses were huge in run 1 (up to a
factor of 36) but small in run 2 (up to a factor of 2).
ED90 doses of Digitaria ciliaris subsp. nubica (in both
runs) and some D. aequiglumis and D. sanguinalis pop-
ulations (in run 1) exceeded maximum field dose of
nicosulfuron in Belgium (i.e. 45 g a.i. ha1). The most
Table 3 Herbicides, their doses and their maximum authorised field dose examined in post-emergence dose–response bioassays
Herbicide (formulated product)
Max. field dose
(g a.i. ha1) Herbicide doses (g a.i. ha1)
HPPD inhibitors (HRAC group F2)
Mesotrione
(Callisto, 100 g a.i. L1, SC, Syngenta Crop protection)
150 0 – 4.7 – 9.4 – 18.8 – 37.5 – 75– 150 – 300
Sulcotrione
(Zeus, 300 g a.i. L1, SC, Sapec Agro S.A.)
450 0 – 14.1 – 28.1 – 56.2 – 112.5 – 225 – 450 – 900
Tembotrione*
(Laudis, 44 g a.i. L1, OD, Bayer CropScience)
99 0 – 3.1 – 6.2 – 12.4 – 24.8 – 49.5 – 99 – 198
Topramezone†
(Arietta, 336 g a.i. L1, SC, Basf Belgium)
50.4 0 – 0.8 –1.6 – 3.2 – 6.3 – 12.6 – 25.2 – 50.4
ALS inhibitors (HRAC group B)
Foramsulfuron‡
(Equip, 22.5 g a.i. L1, OD, Bayer CropScience)
60 0 – 7.5 – 15 – 30 – 60 – 120 – 240 – 480
Nicosulfuron
(Samson Extra 60 OD, 60 g a.i. L1, OD, ISK
Biosciences Europe S.A.)
45 0 – 5.6 – 11.2 – 22.5 – 45 – 90 – 180 – 360
*Laudis combines tembotrione and the safener isoxadifen-ethyl (2:1 ratio) with an adjuvant system in an oil dispersion (OD) formulation.
†1 L ha1 of triglyceride oil (Actirob B, 812 g a.i. L1, EC, Novance), a methylated seed oil, was added to the herbicide spray solution
to enhance foliar uptake and distribution within the shoot.
‡Equip combines foramsulfuron and the safener isoxadifen-ethyl (1:1 ratio).
Table 4 Average trichome density and length with standard errors for four Digitaria spp. populations
Species Population
Trichome density
(trichomes cm²) Trichome length (lm)
D. aequiglumis Beervelde2 1890  125 185  22
D. ciliaris subsp. nubica Knesselare 204  17 1986  356
D. ischaemum Oostrozebeke 39  9 157  36
D. sanguinalis Nieuwkerken-Waas 359  59 1259  56
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sensitive populations, irrespective of run, were both
D. ischaemum populations. Digitaria aequiglumis and
D. ciliaris subsp. nubica were the least sensitive species
(although not always significantly).
For foramsulfuron, ED90 doses of the most sensitive
and least sensitive Digitaria population differed by a
factor of 10 and 4 in run 1 and run 2 respectively
(Table 6). In run 1, all populations, except D. san-
guinalis population Wommelgem and D. ischaemum
population Beervelde1, required doses higher than
maximum field dose of foramsulfuron (i.e. 60 g a.i.
ha1) to achieve 90% control, in contrast to run 2.
Digitaria ischaemum populations were the most sensi-
tive, whereas D. aequiglumis populations and to a les-
ser extent D. ciliaris subsp. nubica were the least
sensitive (although not always significantly).
Digitaria populations were more sensitive to ALS-
and HPPD-inhibiting herbicides in experimental run 2
than in run 1, except for D. aequiglumis populations
treated with topramezone, D. ischaemum population
Beervelde1 treated with mesotrione, sulcotrione,
topramezone and nicosulfuron, and D. sanguinalis
population Nieuwkerken-Waas treated with toprame-
zone and foramsulfuron.
Growth-stage dependency of herbicide sensitivity
(Experiment 2)
Growth stage significantly affected the performance
of topramezone in all Digitaria species except for
D. ischaemum in run 1 (Fig. 1). ED90 doses linearly
(D. ischaemum) or exponentially (D. aequiglumis,
D. ciliaris subsp. nubica, D. sanguinalis) increased with
increasing number of true leaves at time of herbicide
application. In D. aequiglumis, ED90 dose of five-leaf
stage plants was eight- and 10-fold higher than the
ED90 dose of one-leaf stage plants in run 1 and 2
respectively. For D. ciliaris subsp. nubica, these differ-
ences in ED90 were 18-fold (run 1) and eightfold (run
2) and for D. sanguinalis ninefold (run 1) and 20-fold
(run 2). Compared to aforementioned species, the ED90
response of D. ischaemum to topramezone was less
dependent on growth stage, as can be deduced from the
inclination of the curves (Fig. 1). For D. ischaemum,
ED90 doses were not significantly affected by growth
stage in run 1, whereas in run 2, five-leaf stage plants
required threefold higher ED90 dose than one-leaf stage
plants. Higher doses than authorised in the field (50.4 g
ha1 topramezone) were required for 90% control of
D. sanguinalis (run 1 and run 2) and D. ciliaris subsp.
nubica (run 1) plants beyond the three-leaf stage. Digi-
taria aequiglumis and D. ischaemum plants up to the
five-leaf stage were controlled by doses well below max-
imum field dose, irrespective of run.T
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As for topramezone, growth stage significantly
affected the performance of nicosulfuron in all Digi-
taria species (Fig. 2). ED90 doses linearly (D. is-
chaemum) or exponentially (D. aequiglumis, D. ciliaris
subsp. nubica, D. sanguinalis) increased with increasing
number of true leaves. In D. aequiglumis, ED90 dose of
five-leaf stage plants was 13- and eightfold higher than
ED90 dose of one-leaf stage plants in run 1 and run 2
respectively. For D. ciliaris subsp. nubica and D. san-
guinalis, these differences were 15- (run 1) and fivefold
(run 2), and 32- (run 1) and threefold (run 2) respec-
tively. For D. ischaemum, the species most sensitive to
nicosulfuron irrespective of growth stage, smaller dif-
ference in ED90 between one-leaf and five-leaf stage
plants were found, namely twofold in run 1 and four-
fold in run 2. Digitaria ciliaris subsp. nubica, the spe-
cies least sensitive to nicosulfuron irrespective of
growth stage, could not be satisfactory controlled by
maximum field dose of nicosulfuron (45 g a.i. ha1)
beyond the three-leaf stage, irrespective of run. For
D. sanguinalis and D. aequiglumis, ED90 doses higher
than maximum field dose were required for controlling
plants beyond the three- (run 1) or four-leaf stage (run
2). In contrast to the aforementioned species, ED90
response of D. ischaemum was less dependent on
growth stage. All growth stages of D. ischaemum were
satisfactory controlled by doses below maximum field
dose, except for five-leaf stage plants in run 2.
Discussion
H1 is supported for HPPD inhibitors: in general, the
recently naturalised species D. ciliaris subsp. nubica
and D. aequiglumis were more difficult to control by
HPPD inhibitors than the Digitaria species that were
naturalised a long time ago (D. sanguinalis and D. is-
chaemum), except for D. aequiglumis treated with
topramezone. Within runs, Digitaria ciliaris subsp.
nubica was up to 3.3-, 5.8-, 3.6- and 19.9-fold less
sensitive to mesotrione, sulcotrione, tembotrione and
topramezone than D. sanguinalis and D. ischaemum.
Similarly, compared with D. sanguinalis and
D. ischaemum, D. aequiglumis was up to 2.9-,
4.3- and 6.1-fold less sensitive to mesotrione, sulcotri-
one and tembotrione but up to 6.5-fold more sensitive
to topramezone (except for D. ischaemum that was
equally sensitive). Digitaria ciliaris subsp. nubica ‘Knes-
selare’ plants were unsatisfactory controlled (i.e. <90%
biomass reduction) by maximum authorised field doses
of topramezone (50.4 g a.i. ha1) and sulcotrione
(450 g a.i. ha1) in one or both runs. For at least one
D. aequiglumis population, doses higher than maxi-
mum field dose of tembotrione and sulcotrione were
required for satisfactory control. Both species were
controlled by mesotrione doses lower than authorised
in the field, irrespective of run.
H1 is partly accepted for ALS inhibitors: in general,
the recently naturalised species D. ciliaris subsp. nubica
and D. aequiglumis were more difficult to control by
ALS inhibitors than D. ischaemum, the most sensitive
species in both runs. Within runs, Digitaria ciliaris
subsp. nubica was up to 36.5- and 10.8-fold less sensi-
tive to nicosulfuron and foramsulfuron than D. is-
chaemum. Similarly, compared with D. ischaemum,
D. aequiglumis was up to 5.9- and 4.1-fold less sensi-
tive to nicosulfuron and foramsulfuron.
These interspecific differences in sensitivity to
HPPD- and ALS inhibitors may be attributed to the
differences in herbicide absorption, metabolism,
translocation and/or differential sensitivity or activity
of the HPPD or ALS enzyme. Hennigh and Al-Khatib
(2010) demonstrated that the differential response of
the grasses D. sanguinalis, Echinochloa crus-galli (L.)
Beauv., Setaria viridis (L.) P. Beauv. and Cenchrus
Table 6 ED90 responses with standard errors of Digitaria spp. populations to post-emergence ALS inhibitors applied at the three true
leaves growth stage (Experiment 1)
Species Population
Foramsulfuron Nicosulfuron
Run 1 Run 2 Run 1 Run 2
D. aequiglumis Beervelde2 132.1  24.6 b 38.8  6.2 ab 79.7  8.4 d 39.6  6.5 d
Bassevelde 129.8  23.2 b 24.2  7.5 a 34.6  7.4 b 24.2  2.2 bc
Evergem 133.9  23.0 b 39.8  9.7 ab 40.3  7.5 bc 26.9  3.5 c
D. ciliaris subsp. nubica Knesselare 354.6  107.1 c 30.6  4.3 ab 496.7  229.2 e 22.4  1.2 bc
D. ischaemum Oostrozebeke NA 11.1  4.5 a 13.6  1.9 a 15.0  2.4 a
Beervelde1 32.8  6.2 a 23.4  4.2 a 16.3  1.8 a 20.7  1.4 bc
D. sanguinalis Nieuwkerken-Waas 39.6  9.4 a 44.9  13.9 b 28.4  3.7 b 20.3  0.6 b
Puurs 155.8  51.8 b 40.4  6.7 b 57.0  11.7 cd 20.0  2.6 ab
Wommelgem 65.4  18.5 a 32.3  5.0 ab 36.4  5.4 bc 25.7  3.3 bc
NA, not available.
No significant differences between figures with the same letter (based on computed selectivity indices and corresponding P-values), com-
parison within runs only.
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longispinus (Hack.) Fern. to nicosulfuron was due to
differential absorption and translocation. Differential
herbicide absorption may be caused by differences in
leaf surface wettability and/or cuticular penetration of
herbicides. The poor performance of most herbicides
against D. aequiglumis may partly be provoked by
poor wettability of its adaxial leaf surface because of
its high density of short trichomes (Table 4). Closely
spaced trichomes appear to produce air pockets
beneath the droplets that prevent leaf surface contact
and hence, herbicide absorption (Hess et al., 1974).
Poor leaf wettability may also partly explain the poor
herbicide efficacy against D. ciliaris subsp. nubica. In
this species, poor wettability may be provoked by high
leaf surface waxiness (Harr et al., 1991) and not by
hairiness, as the density of trichomes is rather low
(Table 4).
Different locally naturalised D. aequiglumis popula-
tions varied in their degree of herbicide sensitivity.
Except for mesotrione, ED90 doses of ALS- and HPPD
inhibitors varied by a factor up to two. This diverse
response may reflect genetic variability among D. ae-
quiglumis populations. Most likely, new populations
with a different genetic background are continuously
introduced in Flemish maize fields as casual grain
aliens, thus increasing genetic variability among
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Fig. 1 Influence of growth stage on ED90
response (g a.i. ha1) of four Digitaria
species to topramezone for experimental
runs 1 (A) and 2 (B). BBCH 10, first leaf
through coleoptile; BBCH 11, one true
leaf; BBCH 12, two true leaves; BBCH
13, three true leaves; BBCH 14, four true
leaves; and BBCH 15, five true leaves.
Dotted horizontal line depicts max.
authorised field dose (i.e. 50.4 g a.i. ha1
topramezone) in Belgium. No significant
differences (based on computed selectivity
indices and corresponding P-values)
between data points with the same
letter, comparison within species only
(Experiment 2).
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populations. Nowadays, many D. aequiglumis popula-
tions are found as ephemeral populations in port
areas, near grain stores, by roads or railway tracks, on
dumps etc. From these habitats, they can gradually
spread and naturalise in maize fields (Van Landuyt,
2006). Despite being rather small compared with inter-
specific variation in herbicide sensitivity, intraspecific
variation in herbicide sensitivity may further compli-
cate the appropriate choice of HPPD- and ALS-inhi-
biting herbicides and doses as well. For difficult-to-
control species such as D. aequiglumis, these small dif-
ferences may have severe consequences, particularly
when treatments are applied untimely or under subop-
timal spraying conditions (e.g. low relative humidity).
For these species, risk of unsatisfactory control may
therefore be highest for those herbicides exhibiting
high intraspecific variation in sensitivity and that are
moderately active against the targeted weed. For
D. aequiglumis, this is particularly true for sulcotrione,
tembotrione and nicosulfuron, for which ED90 doses
varied substantially among populations. Due to its
high activity against D. aequiglumis, variation in sensi-
tivity to topramezone is less of an issue.
Overall, mesotrione and topramezone showed
broadest activity against most Digitaria spp. popula-
tions tested. Moreover, D. aequiglumis was controlled
by topramezone doses that were two- to eightfold
lower than maximum authorised field dose. Similarly,
D. ciliaris subsp. nubica was controlled by a mesotri-
one dose that was at least 1.3-fold lower than
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Fig. 2 Influence of growth stage on ED90
response (g a.i. ha1) of four Digitaria
species to nicosulfuron for experimental
runs 1 (A) and 2 (B). BBCH 10, first leaf
through coleoptile; BBCH 11, one true
leaf; BBCH 12, two true leaves; BBCH
13, three true leaves; BBCH 14, four true
leaves; and BBCH 15, five true leaves.
Dotted horizontal line depicts maximum
authorised field dose (i.e. 45 g a.i. ha1
nicosulfuron) in Belgium. No significant
differences (based on computed selectivity
indices and corresponding P-values)
between data points with the same
letter, comparison within species only
(Experiment 2).
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maximum authorised field dose. Hence, the addition of
topramezone (in case of presence of D. aequiglumis) or
mesotrione (in case of presence of D. ciliaris subsp. nu-
bica) to POST tank mixes containing HPPD inhibitors
and/or ALS inhibitors may potentially improve control
of mixed Digitaria populations in the field, provided
no incompatibility is foreseen. As shown by Schuster
et al. (2007), mesotrione antagonised several ALS-inhi-
biting herbicides by reducing the efficacy of controlling
the panicoid grasses Setaria viridis (green foxtail) and
Setaria pumila (Poir.) Schult. (yellow foxtail). In case
of antagonism, herbicides may be applied in sequence.
By adding mesotrione or topramezone, selective pres-
sure exerted by other HPPD- and ALS-inhibiting her-
bicides, particularly when applied repeatedly, might be
lowered, thus slowing down the build-up of less-sensi-
tive Digitaria spp. populations. The latter may further
be reduced by adding persistent soil-acting grass herbi-
cides (such as dimethenamid-P) to POST tank mixes,
thus avoiding survival of late emerging Digitaria seed-
lings that escape treatment with the above-mentioned
foliar-applied herbicides.
H2 is partly supported: sensitivity of Digitaria cil-
iaris subsp. nubica, D. aequiglumis and D. sanguinalis
was more dependent on growth stage than sensitivity
of D. ischaemum. Sensitivity of Digitaria spp. to
topramezone and nicosulfuron decreased linearly
(D. ischaemum) or exponentially (D. sanguinalis, D. ae-
quiglumis and D. ciliaris subsp. nubica) with increasing
number of true leaves at time of herbicide application.
Hence, the former species should be treated earlier.
Beyond the three-leaf stage, these species could not be
sufficiently controlled by the maximum authorised field
dose of nicosulfuron. The same is true for toprame-
zone, except for D. aequiglumis, which was still con-
trolled at the five-leaf stage. Digitaria ischaemum was
still controlled by full doses of nicosulfuron (except for
run 2) and topramezone up to the five-leaf stage. The
reduced sensitivity with seedling age can be explained
by a lower penetration, owing to the development of a
thicker cuticle or altered cuticle composition (Aldrich
& Kremer, 1997). However, differential herbicide meta-
bolism and/or translocation cannot be ruled out. In a
study conducted by McCullough et al. (2014), differen-
tial absorption, translocation and metabolism all con-
tributed to differences in dithiopyr efficacy on
D. ischaemum at various growth stages. As herbicide
applications in this study were applied under ideal con-
ditions for herbicide uptake (e.g. frequent rewetting,
high relative humidity), the advice should be to treat all
Digitaria species in the field before the four-leaf stage.
The progressive decrease in herbicide sensitivity of
D. aequiglumis with seedling age was more pronounced
with nicosulfuron than with topramezone. As
D. aequiglumis is a late germinating species, requiring
much higher soil temperature for germination com-
pared with maize (20 versus 9°C for maize), many late
germinating plants will not be controlled by early
POST applications of nicosulfuron and topramezone,
two herbicides showing no or insufficient soil activity
(De Cauwer et al., 2014). In the case of nicosulfuron,
delaying application time is no solution, as nicosul-
furon is poorly active against seedlings beyond the
three-leaf stage. As topramezone is highly active
against D. aequiglumis, even at later growth stages, it
can be applied later without compromising its control
ability. However, both herbicides should be tank-mixed
with a suitable soil-acting herbicide to control Digitaria
seedlings that emerge after herbicide treatment.
Environmental conditions may have affected herbi-
cide sensitivity and sensitivity ranking of the Digitaria
species tested in experiment 2. Digitaria aequiglumis,
D. ciliaris subsp. nubica and D. sanguinalis were in
general less susceptible to foliar-applied herbicides and
topramezone, in particular at low relative humidity
(47%) and high light intensity on the day of applica-
tion (run 1, see Table 2) than at high relative humidity
and low light intensity (run 2, see Table 2), particularly
at later growth stages. Johnson (2002) also noted a
lower sensitivity of D. sanguinalis to mesotrione at
30% compared with 85% relative humidity. The
change from high to low humidity can trigger wax pro-
duction, as stated by Cobb and Reade (2010) or can
make the cuticle less penetrable to hydrophilic herbi-
cides (Kudsk, 2002). The differences in sensitivity
ranking of species between both runs may be caused
by species-mediated interaction between weather condi-
tions and growth stage on herbicide absorption,
translocation or metabolism.
In 2000, when D. aequiglumis was added to the Bel-
gian flora, it had only been reported in a restricted
number of locations, but in 2014, it was found in hun-
dreds of maize fields (Hoste, 2005; Verloove & Groom,
2014). The unsatisfactory control by some HPPD-inhi-
bitor herbicides (e.g. the widely used sulcotrione and
tembotrione) and ALS inhibitors (nicosulfuron, foram-
sulfuron) under particular environmental conditions
and high dependency of nicosulfuron sensitivity on
growth stage, partly explain the rapid expansion of
D. aequiglumis into Flemish maize fields.
Conclusions
Where mixed populations of Digitaria species are pre-
sent in a field, difficulties may arise in chemical con-
trol, due to species differences in herbicide sensitivity,
as shown in the pot bioassays. In general, the newly
naturalised Digitaria species were more difficult to
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control with mesotrione, sulcotrione and tembotrione
than the Digitaria species that established a long time
ago. In addition, herbicide sensitivity of Digitaria spe-
cies largely depended on growth stage at the time of
herbicide application. We deduce from the pot experi-
ments that poor control by HPPD- and ALS inhibitors
in the field can be expected in circumstances where
Digitaria seedlings have developed beyond the three-
leaf stage. Due to the differential herbicide sensitivity
profiles, correct species identification before treatment
is a prerequisite. Further research on the fundamental
biokinetics of herbicide uptake, translocation and
metabolism of these HPPD- and ALS-inhibitor herbi-
cides in Digitaria species is necessary to provide con-
clusive explanations for these differential herbicide
sensitivity profiles. In order to strengthen conclusions
on interspecific differences in herbicide sensitivity, the
number of test populations per species, collected from
maize fields, should be increased. Differences in selec-
tion pressure caused by years of cropping system
related herbicide usage may affect herbicide sensitivity
of Digitaria species populations, as shown by Claer-
hout et al. (2015) for Echinochloa populations.
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